The striatum regulates motor control, reward and learning. Abnormal function of striatal GABAergic medium spiny neurons (MSNs) is believed to contribute to the deficits in these processes that are observed in many neuropsychiatric diseases. The orphan G protein-coupled receptor GPR88 is robustly expressed in MSNs and is regulated by neuropharmacological drugs, but its contribution to MSN physiology and behavior is unclear. We found that, in the absence of GPR88, MSNs showed increased glutamatergic excitation and reduced GABAergic inhibition, which promoted enhanced firing rates in vivo, resulting in hyperactivity, poor motor coordination and impaired cue-based learning in mice. Targeted viral expression of GPR88 in MSNs rescued the molecular and electrophysiological properties and normalized behavior, suggesting that aberrant MSN activation in the absence of GPR88 underlies behavioral deficits and its dysfunction may contribute to behaviors observed in neuropsychiatric disease. npg
The striatum is a major component of the basal ganglia circuitry; it receives excitatory cortical and thalamic glutamatergic inputs and modulatory dopaminergic input, which, together with inhibitory inputs from interneurons, are integrated and relayed to other basal ganglia components via GABAergic MSNs. MSNs express either D1 or D2 dopamine receptors (D1R and D2R), constituting the striatonigral (direct) and striatopallidal (indirect) pathways, respectively 1 .
The pathophysiology of neurological disorders, including Parkinson's, Huntington's, bipolar disorder, schizophrenia and attention deficit hyperactivity disorder [2] [3] [4] [5] , are thought to involve altered basal ganglia function 1, 2, 6, 7 . Although the roles of glutamatergic and dopaminergic neurons have been extensively characterized, there is still uncertainty about the causal mechanisms of these diseases, highlighting the importance of elucidating the underlying cellular mechanisms.
GPR88 is an orphan G protein-coupled receptor (GPCR) that is abundantly expressed in both D1R-and D2R-expressing MSNs 8 . Gpr88 gene expression is modified by several anti-depressant therapies and pharmacological interventions [9] [10] [11] and is induced both by glutamate and dopamine 8, 12 . GPR88 deficiency alters sensorimotor gating, suggesting that it is involved role in neuropsychiatric diseases 12 . However, its intracellular signaling mechanisms and effects on MSN function remain unknown. We found that the absence of GPR88 increased MSN excitability by modulating regulator of G-protein signaling 4 (RGS4)-dependent GABA and glutamatergic signaling and impairing motor-and cue-based behaviors, which could be restored by striatal GPR88 re-expression, underscoring the importance of GPR88 for normal striatal function.
RESULTS
Gpr88 is highly expressed in striatal MSNs Mice with the Gpr88 coding region replaced by a cassette encoding a Cre recombinase-EGFP fusion protein (Gpr88-Cre-EGFP; Online Methods and Fig. 1a ) were generated by gene targeting. When the Gpr88-Cre-EGFP mice were crossed with Cre-dependent reporter mice 13 , expression of TdTomato marked all of the cells in which Cre had been expressed, and EGFP revealed where Cre was currently being expressed. TdTomato labeling was abundant in the striatum (Fig. 1b) ; it filled projections to the substantia nigra pars reticulata (SNr) and external globus pallidus (GPe), indicating that both direct and indirect striatal MSNs expressed GPR88 (Fig. 1b) . Some TdTomato-expressing cells were visible in other brain regions ( Fig. 1b and Supplementary Table 1 ).
Expression of Gpr88 in the adult brain was more restricted; we readily observed EGFP-positive cells in the striatum and olfactory tubercle ( Fig. 1c) . Regions of lower Gpr88 expression were identified by immunohistochemistry, which revealed Gpr88 expression in cortex, thalamus and inferior olive ( Fig. 1d-g) . There were fewer cortical EGFP-positive cells than TdTomato-positive cells, indicating that Gpr88 is expressed during development and silenced later on.
Striatal Gpr88 expression is confined to MSNs
To determine which striatal neurons expressed Gpr88-Cre-EGFP, we bred the Gpr88-Cre-EGFP mice with RiboTag mice 14 , which allow Cre-dependent expression of hemagglutinin (HA)-tagged ribosomal protein L22. The HA tag enables immunoprecipitation of polysomes and associated mRNAs from cells that express Cre. We compared the a r t I C l e S relative abundance of transcripts in the pellets and the total tissue RNA (input) by quantitative reverse transcription PCR (qRT-PCR) from striatum. Gpr88 mRNA was enriched fourfold in the pellets compared with the input (t 4 = 4.81, P < 0.01 versus pellet, Student's t test, two-tailed; Fig. 1h ), confirming immunoprecipitation of polysomes from Grp88-expressing cells. There was comparable enrichment of the MSN-specific DARPP32 (Ppp1r1b) met-enkephalin (Penk) and dynorphin (Pdyn) transcripts, indicating that both D1R-and D2R-bearing MSNs express Gpr88 (P < 0.01 versus pellet, Student's t test, two-tailed; Ppp1r1b, t 4 = 12.02; Penk, t 4 = 4.84; Pdyn, t 4 = 6.18; Fig. 1h ). In contrast, expression of the interneuron-specific genes somatostatin (Sst), calretinin (Calb2), parvalbumin (Pvalb) and choline acetyl transferase (Chat) were de-enriched (P < 0.001 versus pellet, Student's t test, two-tailed; Sst, t 4 = 25.58; Calb2, t 4 = 23.63; Pvalb, t 4 = 83.17; Chat, t 4 = 88.86, respectively; Fig. 1h ), and all HA-positive cells colocalized with nuclear EGFP (Fig. 1h) . Using immunofluorescence, we found dynorphin (marker for direct pathway MSNs) staining in a subset of the EGFP-positive cells (Fig. 1i) .
These results indicate that striatal Gpr88 expression is restricted to MSNs.
To evaluate the role of Gpr88 in MSN physiology, we generated homozygous Gpr88-Cre-EGFP (Gpr88 Cre/Cre , Gpr88 knockout) mice. Gpr88 expression, assessed by qRT-PCR, was absent in the striatum of Gpr88 Cre/Cre mice compared with Gpr88 +/+ mice; Gpr88 Cre/+ mice had half as much Gpr88 mRNA as Gpr88 +/+ mice (F 2,9 = 248.3, P < 0.001, genotype, one-way ANOVA, Student-Newman-Keuls (SNK) post-test; Fig. 1j ). Gpr88 deficiency had no apparent effect on striatal cell populations ( Supplementary Fig. 1 ). Figure 1 Characterization of Gpr88-Cre-EGFP mice. (a) Gene targeting strategy to generate a Gpr88-Cre-EGFP mouse line. (b) Composite sagittal image of a Gpr88-Cre-EGFP; TdTomato reporter mouse. Cre-mediated recombination (red) was observed as fluorescence in striatum, olfactory tubercle and cortex. Terminals from striatonigral (filled arrow) and striatopallidal (open arrow) MSNs were visible in the SNr and GPe, respectively. (c) Composite sagittal image of EGFP fluorescence in an adult Gpr88-Cre-EGFP mouse. EGFP-positive cells were observed in the striatum and olfactory tubercle. Scale bar represents 1 mm. (d-g) Immunohistochemistry detected low-level EGFP expression in cortex (ctx), striatum (str), thalamus (thal) and inferior olive (io) of an adult Gpr88-Cre-EGFP mouse; locations are shown in c. Scale bar represents 100 µm. (h) qRT-PCR analysis of transcripts expressed in Gpr88-Cre-EGFP-expressing neurons after immunoprecipitation of HA-tagged polysomes from Gpr88-Cre-EGFP, RiboTag forebrain slices. MSN-specific mRNAs (Ppp1r1b, Pdyn and Penk) as well as Gpr88 were enriched in the pellet fraction compared with the input. Striatal interneuron-specific marker mRNAs (Sst, Pvalb, Chat and Calb2) were less abundant in the pellet fraction. ***P < 0.001, ** P < 0.01, Student's t test, two-tailed (fold = 1 (dashed line), n = 3). Inset, HA (red) and EGFP (green) staining revealed colocalization in the striatum. Scale bar represents 12.5 µm. To elucidate the role of GPR88 in basal locomotor activity, we placed mice in activity chambers for 48 h. Activity during the first few hours, which reflects the response to novelty, was higher in Gpr88 Cre/Cre mice than in Gpr88 +/+ mice (t 18 = 3.988, P < 0.001, Student's t test, two-tailed; Fig. 2a ). All of the mice increased their activity during the nocturnal cycle, and this response was greater in Gpr88 Cre/Cre mice than in Gpr88 +/+ mice (F 1,18 = 4.90, P < 0.05, genotype, repeated-measures ANOVA (rmANOVA), Bonferroni post-test; Fig. 2a,b) ; daytime activities were comparable.
Motor coordination and balance were assessed using a rotarod; we placed mice on top of an accelerating rod and scored their latency to fall. Gpr88 +/+ mice improved their performance with each experimental session (F 2,14 = 6.566, P < 0.001, time, one-way ANOVA; Fig. 2c ), whereas Gpr88 Cre/Cre mice fell more quickly and showed no improvement with training (F 1,27 = 32.70, P < 0.001, genotype, rmANOVA, SNK post-test; Fig. 2c ). The latency to fall from an inverted wire mesh was shorter for Gpr88 Cre/Cre (n = 13) mice than for Gpr88 +/+ (n = 15) mice (Gpr88 +/+ , 133.70 ± 12.65; Gpr88 Cre/Cre , 62.83 ± 12.52; t 26 = 3.957, P < 0.001, mean ± s.e.m., Student's t test, two-tailed), confirming that there were impairments in motor coordination or strength of Gpr88 Cre/Cre mice.
Mastery of the Morris water maze requires intact striatal function 15, 16 . Gpr88 Cre/Cre mice had longer latencies to find the platform compared to Gpr88 +/+ during the first four training sessions (F 1,19 = 6.06, P < 0.05, genotype, rmANOVA; Fig. 3a) ; however, with more training the latencies between genotypes were equivalent (sessions 6-9; Fig. 3a ). Probe trials showed that both Gpr88 +/+ and Gpr88 Cre/Cre mice preferred the quadrant where the platform had been hidden (F 3,57 = 15.88 (probe 1) and F 3,57 = 58.65 (probe 2), P < 0.001, quadrant, rmANOVA, Bonferroni post-test; Fig. 3b,c) . Gpr88 Cre/Cre and Gpr88 +/+ mice had the same swim speed ( Supplementary Fig. 2a,b ). Hence, Gpr88 Cre/Cre had mild impairment in initial performance of the task but visuospatial memory and learning were intact.
Associative learning depends on intact striatal function 17 . We tested the ability of the mice to learn the position of an escape platform in a water-based, U maze procedure 18 (Fig. 3d) . Gpr88 +/+ and Gpr88 Cre/Cre mice were trained daily for 3 d to learn a turn-based strategy to find a platform placed at the end of one maze arm. The percentage of correct choices was the same between genotypes ( Fig. 3d) , although Gpr88 Cre/Cre mice had higher latencies to reach the decision point and platform Figure 3 Impaired cue-based learning by Gpr88 Cre/Cre mice. (a-c) Morris water maze performance by Gpr88 +/+ (n = 12) and Gpr88 Cre/Cre (n = 9) mice. Animals were trained for 4 d (2 trials per day) to find a hidden platform and the latency to escape was recorded (a; *P < 0.05, genotype, rmANOVA). On day 5, a probe trial (P1) was performed and the time Gpr88 +/+ and Gpr88 Cre/Cre mice spent in the target quadrant (c, inset) was recorded (b). The mice received four more training sessions (a) and then another probe trial (P2) was performed (c; ***P < 0.001, quadrant, rmANOVA, Bonferroni post-test). (d) Water U maze performance by Gpr88 +/+ (n = 12) and Gpr88 Cre/Cre (n = 9) mice. Animals were trained on a turn-based escape procedure for 3 d (10 trials per day) to find a platform placed in one arm of the maze (inset). Correct choices (*P < 0.05, genotype, rmANOVA Bonferroni post-test) were recorded. On day 4, animals were forced to shift to cue-based learning (as platform was associated with an arm color) and correct choices were recorded. (e) Gpr88 +/+ (n = 7) and Gpr88 Cre/Cre (n = 7) mice were trained only on a cue-based learning procedure and the percentage of correct choices was recorded. (*P < 0.05, genotype, rmANOVA). Fig. 2c,d) . The mice were then forced to shift from the turn-based to a cue-based strategy, in which the platform was associated to the color of the arms, for seven more daily sessions. After the shift, the number of correct choices decreased and then improved with further training; Gpr88 +/+ mice reached >90% correct choices after 4 d, but Gpr88 Cre/Cre mice were slower to learn the new escape strategy (F 1,19 = 4.39, P < 0.05, genotype, rmANOVA, Bonferroni post-test; Fig. 3d ) and had higher latencies to reach the platform (Supplementary Fig. 2d ).
We tested a second cohort of mice exclusively in the cue-based, U-water maze for 5 d. Gpr88 Cre/Cre mice were slower to learn the task than the Gpr88 +/+ mice (F 1,12 = 6.70, P < 0.05, genotype, rmANOVA, Bonferroni post-test; Fig. 3e ), indicating that the Gpr88 Cre/Cre mice had impairments in cue-based learning. We also tested mice in a two-way active avoidance procedure. Performance in this task depends on striatal integrity, and is affected by neuropsychiatric drugs and striatal lesions 17, 19 . Mice learn that a sound cue predicts a foot shock and learn to avoid the shock by moving to the other side of the box. Mice were trained with 100 trials per day for 5 d and the percentage of avoidance responses was measured. Acquisition of this task was impaired in Gpr88 Cre/Cre mice relative to Gpr88 +/+ mice (F 1,22 = 11.07, P < 0.05; genotype, rmANOVA, Bonferroni post-test; Fig. 3f ). Both the latencies to escape after the foot shock or the sound cue during the first ten trials (when neither group had mastered the task) were not different ( Supplementary Fig. 2e,f) , suggesting that the impaired acquisition of the task by Gpr88 Cre/Cre mice is not attributable to decreased pain sensitivity or motor deficits. The results of these tests indicate that Gpr88 Cre/Cre mice have deficits in the acquisition and integration of visual or auditory cues, leading to impaired performance on these behavioral tasks 14, 22 .
Enhanced firing rate of MSNs of Gpr88 Cre/Cre mice in vivo To determine whether absence of GPR88 affected MSN activity, we recorded freely moving Gpr88 +/+ and Gpr88 Cre/Cre mice with chronically implanted electrodes in the dorsal (predominantly dorsomedial) striatum, a region controlling initiation and acquisition of goal-directed behaviors 3 and cognitive flexibility 18 (Supplementary  Fig. 3a ). Mice were habituated to the recording environment for 1 week, at which point basal locomotion and rearing activity were comparable ( Supplementary Fig. 3b,c) . Putative MSNs (Gpr88 +/+ , n = 70 cells; Gpr88 Cre/Cre , n = 52 cells; six mice per group), identified as units having >300-µs valley width as described 20 , had similar waveform properties between the two groups (valley width: Gpr88 +/+ , 484 ± 10 µs; Gpr88 Cre/Cre , 480 ± 10 µs; mean ± s.e.m., P > 0.05, Student' s t test, twotailed; peak amplitude: Gpr88 +/+ , 14,193 ± 536 arbitrary units (a.u.); Gpr88 Cre/Cre , 14,050 ± 798; mean ± s.e.m., P > 0.05, Student's t test, twotailed; Fig. 4a and Supplementary Fig. 3d,e) . MSNs from Gpr88 Cre/Cre mice had a higher average firing rate than those from Gpr88 +/+ mice (t 119 = 2.096, P < 0.05 versus Gpr88 +/+ , Student's t test, two-tailed; Fig. 4b) .
MSNs transition between a relatively depolarized "up-state," where most action potentials occur, and a less active, hyperpolarized npg a r t I C l e S "down-state" 21 . Analysis of MSN activity revealed two populations; one with a firing pattern characterized by a highly variable inter-spike intervals (ISI), which corresponded to bursts of activity intermingled with pauses with few spikes and a second population with reduced ISI variability, indicative of continuous firing (Fig. 4c) . A higher percentage of MSNs from Gpr88 Cre/Cre mice showed continuous firing (44.28% Gpr88 +/+ versus 61.53% Gpr88 Cre/Cre cells; P < 0.05, Fisher's exact test), suggesting that the MSNs from Gpr88 Cre/Cre mice are more excitable (Fig. 4d) .
Altered neurotransmitter signaling in Gpr88 Cre/Cre MSNs To determine how the absence of GPR88 increases striatal excitability, we obtained whole-cell, patch-clamp recordings from dorsal MSNs in striatal slices. Current-clamp recordings revealed inward rectification following depolarizing current pulses and equivalent resting membrane potentials in cells from Gpr88 +/+ and Gpr88 Cre/Cre mice (Gpr88 +/+ , -71.56 ± 0.25 mV; Gpr88 Cre/Cre , -71.38 ± 0.23 mV; mean ± s.e.m., n = 14 cells each, P > 0.05, Student's t test, two-tailed), but input resistance was increased in Gpr88 Cre/Cre cells (Gpr88 +/+ , 22.90 ± 2.28 MΩ; Gpr88 Cre/Cre , 34.78 ± 4.9 MΩ; mean ± s.e.m., n = 16-18 cells, t 31 = 0.02, P < 0.05, Student's t test, two-tailed; Fig. 5a ). Enhanced input resistance in MSNs suggests alterations in synaptic drive, as it is not a result of inwardly rectifying K + currents 22 (Supplementary Fig. 4a,b) . Baseline tonic GABA currents in MSNs from Gpr88 Cre/Cre mice were reduced. The GABA A receptor antagonist bicuculline (10 µM) provoked a smaller change in the holding current (t 16 = 3.39, P < 0.01) and root mean square noise in Gpr88 Cre/Cre cells than in Gpr88 +/+ mice (t 16 = 2.26, P < 0.05, Student's t test, two-tailed; Fig. 5b,c) . Furthermore, GABA A receptor-mediated currents in Gpr88 Cre/Cre cells were less responsive to bath-applied GABA than in Gpr88 +/+ mice (t 16 = 2.12, P < 0.05, Student's t test, two-tailed; Fig. 5d ). In response to local intrastriatal stimulation (in the presence of glutamate and dopamine receptor antagonists), the peak evoked inhibitory postsynaptic currents (IPSCs) were suppressed in MSNs from Gpr88 Cre/Cre mice (F 9, 225 = 6.04, P < 0.05, genotype, two-way ANOVA, Bonferroni post-test; Fig. 5e,f) and the mean stimulation current required to evoke an IPSC in MSNs was higher in cells from Gpr88 Cre/Cre mice (t 30 = -2.18, P < 0.05, Student's t test, two-tailed; Fig. 5f ).
To assess changes in glutamatergic signaling, we measured excitatory postsynaptic currents (EPSCs) in MSNs in response to cortical stimulation. The mean peak response amplitudes were greater in cells from Gpr88 Cre/Cre mice at stimulation intensities >0.6 mA than in Gpr88 +/+ mice (F 9,90 = 4.40, P < 0.05, two-way ANOVA, Bonferroni post-test; Fig. 5g,h) and the stimulation threshold required to evoke an EPSC was lower in MSNs from Gpr88 Cre/Cre (t 34 = 2.82, P < 0.01, Student's t test, two-tailed; Fig. 5h ).
D1R-and D2R-containing MSNs differ in their electrophysiological properties and their contributions to animal behavior [23] [24] [25] [26] . We took advantage of the segregation of the direct and indirect pathway projections to label D1R-and DR2-expressing MSNs 1 by injecting retrogradely transported, fluorescent latex beads into the SNr or the GPe of Gpr88 Cre/Cre mice (Supplementary Fig. 4c ). We found no differences in response to cortical excitatory input or the tonic GABA currents in whole-cell, patch-clamp recordings in D1R-or D2Rexpressing MSNs from striatal slices (Supplementary Fig. 4d-f ), suggesting that both populations are affected by GPR88 deficiency. We evaluated the D1R-and D2R-mediated responses in vivo by analyzing the locomotor response to amphetamine 14 . Gpr88 Cre/Cre mice had greater locomotion response after exposure to repeated doses of amphetamine (2.5 mg per kg of body weight) than Gpr88 +/+ mice (F 1,8 = 9.80, P < 0.05, genotype, rmANOVA; Supplementary  Fig. 4g ). To tease apart the contribution of each MSN subpopulation, we administered varying concentrations of a D1R (SKF-81297) or a D2R (quinpirole) agonist. SKF-82197 increased locomotion more in Gpr88 +/+ mice than in Gpr88 Cre/Cre mice (F 1,10 = 9.18, P < 0.05, genotype, rmANOVA; Supplementary Fig. 4h) , whereas quinpirole reduced locomotion in Gpr88 +/+ mice, but increased locomotion in Gpr88 Cre/Cre mice (F 1,9 = 49.91, P < 0.05, genotype, rmANOVA; Supplementary Fig. 4i) . a r t I C l e S Striatal mRNA and neurotransmitter content in Gpr88 Cre/Cre mice To determine whether the increased activity of MSNs in Gpr88 Cre/Cre mice involves alterations in neurotransmitter levels, we measured amino acids and their neurotransmitter-related metabolites in Gpr88 +/+ and Gpr88 Cre/Cre striatal punches by high-performance liquid chromatography. We found no differences in the levels of dopamine, norepinephrine or serotonin. (Supplementary Table 2) . Microarray analysis of mRNA abundance in striatal punches from Gpr88 +/+ and Gpr88 Cre/Cre mice coupled with a gene ontology analysis revealed that most of the over-represented mRNAs encoded proteins that negatively regulate cell communication ( Supplementary  Table 3a ), confirming an inhibitory role for GPR88. Of this list, 50 mRNAs were downregulated and 39 were upregulated in Gpr88 Cre/Cre mice compared with Gpr88 +/+ mice by >1. 35 Table 3b,c) . We used qRT-PCR to measure mRNA levels from genes encoding neurotransmitter receptors, namely dopaminergic (Drd1, Drd2), glutamatergic (Grin1, Grin2a, Grin2b, Grm1, Grm2, Grm3, Grm5) and GABAergic (Gababr1, Gababr2, Gabrb1, Gabrb3, Gad1) neuropeptides (Pdyn, Penk), and molecules involved in intracellular signaling (Ppp1r1b, Rgs4) in whole striata from Gpr88 +/+ and Gpr88 Cre/Cre mice (Fig. 6a) . Among these mRNAs, only Rgs4 mRNA was significantly reduced in Gpr88 Cre/Cre mice (t 6 = 5.417, P < 0.01 versus Gpr88 +/+ , Student's t test, two-tailed; Fig. 6a ). RGS4 is a GTPase-activating protein that is involved in the regulation of Gαi and Gαq GPCRs 30 and has been linked to schizophrenia and motor deficits 29, [31] [32] [33] .
Changes in GluR1 and GABA receptors in Gpr88 Cre/Cre mice Alterations in Rgs4 mRNA are suggestive of abnormal Gαi/Gαq GPCR signaling and potential changes in receptor phosphorylation. We examined the phosphorylation at serine 897 (S897) of NR1, the essential subunit of NMDA glutamate receptor, and at serines 831 and 845 (S831 and S845) of GluR1, a subunit of the AMPA glutamate receptor, by Western blot analysis. Protein kinase A-and protein kinase C-dependent S831 and S845 phosphorylation of GluR1 (pGluR1) was increased in Gpr88 Cre/Cre mice, which facilitates AMPA receptor signaling 34 (S845, t 4 = 9.72, P < 0.001; S831, t 4 = 6.45, P < 0.01; Student's t test, two-tailed), but pNR1 phosphorylation was unchanged. The total amounts of expressed GluR1, NR1 and the synaptic protein PSD-95 were the same in Gpr88 +/+ and Gpr88 Cre/Cre mice (Fig. 6b,c) .
Western blot analysis revealed that the β1 subunit of the GABA A receptor was unaltered, but expression of the β3 protein was Fig. 6b,c and Supplementary Fig. 5 ), despite normal mRNA levels, suggesting post-translational regulation 35 . The β3 subunit is required for normal tonic GABA A receptor currents in MSNs 36 , suggesting that alterations in receptor abundance and/or phosphorylation may account for some of the electrophysiological observations.
Striatal Gpr88 re-expression rescues mutant phenotype
To confirm the contribution of striatal GPR88 expression to the phenotype of Gpr88 Cre/Cre mice, we produced an adeno-associated virus (AAV) encoding a human GPR88-TdTomato fusion protein (Supplementary Fig. 6a ). Transduction of primary neuronal cultures showed targeting of the Gpr88-TdTomato protein to the membrane (Supplementary Fig. 6b,c) , colocalization with postsynaptic protein PSD-95 and proximity to presynaptic boutons ( Supplementary  Fig. 6b,c) , suggesting that it was targeted to dendritic spines, consistent with previous observations using an antibody to GPR88 (ref. 8) .
To rescue the behavioral phenotype, we injected a Cre-dependent version of the virus (Fig. 7a) at multiple coordinates in Gpr88 Cre/Cre mice to achieve maximum striatal coverage (virally rescued Gpr88 Cre/Cre mice, VR-KO mice). As a control, an AAV vector expressing only TdTomato (Fig. 7b) was injected into Gpr88 +/+ mice (sham-WT) and Gpr88 Cre/Cre mice (sham-KO). By measuring immunofluorescence of TdTomato, we found that ~45% of total striatal area was transduced in the VR-KO mice ( Fig. 7c and Supplementary Fig. 6d ). Fluorescence was observed throughout soma and processes. Some transduced neurons allowed visualization of the fusion protein in dendritic spines (Fig. 7d) . TdTomato-positive cells colocalized with nuclear EGFP, confirming that the protein was targeted to MSNs (Fig. 7d) .
We evaluated the performance of mice in several motor and learning tests 2 weeks after AAV injection. Sham-KO and naive-KO mice had similar responses, and so we pooled those data. The locomotor activity of the VR-KO mice was the same as that of the sham-WT mice and less than that of the sham-KO mice (P < 0.01, Kruskal-Wallis test, Dunn post-test; Fig. 7e ). More demanding behaviors, such as rotarod performance (F 2,33 = 12.04, P < 0.05, one-way ANOVA, SNK post-hoc test; Fig. 7f ) and two-way active avoidance (F 2,20 = 4.70, P < 0.05, genotype, rmANOVA, Bonferroni post-test; Fig. 7g ), were also restored to normal levels in the VR-KO mice (Fig. 7f,g) . Expression of Gpr88 mRNA in striatum of VR-KO mice was confirmed by qRT-PCR with a set of primers designed to hybridize to both mouse (endogenous) and human (viral rescue) Gpr88. Similar levels of Gpr88 expression were observed in VR-KO and sham-WT mice (F 2,11 = 42.95, P < 0.001, one-way ANOVA, SNK post hoc test; Fig. 7h ). Furthermore, both striatal pGluR1 S845 (F 2,14 = 5.58, P < 0.05, one-way ANOVA, SNK post-test; Fig. 7i ) and GABA A receptor β3 (F 2,14 = 5.02, P < 0.05, oneway ANOVA, SNK post-test; Fig. 7j ) abundance were normalized in VR-KO mice, suggesting a direct link between GPR88 deficiency and the molecular alterations observed in Gpr88 Cre/Cre mice.
We evaluated tonic GABA currents and evoked EPSCs by wholecell, patch-clamp recordings from striatal slices obtained from sham-KO and VR-KO mice. Compared with MSNs from sham-KO mice, baseline tonic GABA currents in VR-KO cells (t 16 = 2.37, P < 0.05, Student's t test versus VR-KO; Fig. 8a ) were increased, the mean peak excitatory response amplitudes were reduced (F 9,207 = 4.61, P < 0.01, genotype, two-way ANOVA; Fig. 8b ) and the cortical stimulation threshold required to evoke an EPSC was increased (t 25 = 5.21, P < 0.001, Student's t test; Fig. 8c) , with values comparable to those of MSNs from Gpr88 +/+ mice (Fig. 5h) . Dialysis of the RGS4 inhibitor CCG-63802 (100 µM) 33 via the recording electrode into MSNs from VR-KO mice decreased tonic GABA currents (t 9 = 2.03, P < 0.05, Student's t test, two-tailed; Fig. 8a ) and increased mean peak excitatory response amplitudes (F 9,144 = 2.07, P < 0.05, genotype, two-way ANOVA; Fig. 8b ) while reducing the cortical stimulation threshold required to evoke an EPSC (t 14 = 2.83, P < 0.05, Student's t test, twotailed; Fig. 8c) , thereby mimicking the loss of GPR88 and implicating RGS4 in the altered properties of MSNs from Gpr88 Cre/Cre mice.
DISCUSSION
Our results link the activity of GPR88 to normal striatal MSN function. We confirmed that Gpr88 is highly expressed in the striatum, with its expression being limited to D1R-and D2R-containing MSNs. Inactivation of the Gpr88 locus leads to increased glutamate receptor phosphorylation and altered GABA A receptor composition, which together enhance excitability in both D1R-and D2R-expressing MSNs in vitro and elevate MSN firing in vivo. The enhanced excitability of MSNs in Gpr88 Cre/Cre mice results in behavioral hyperactivity, deficits in motor coordination, impaired acquisition, and integration of visual or auditory cues, leading to poor performance in cue-based tasks. We restored electrophysiological responses and prevented hyperactivity and learning deficits in Gpr88 Cre/Cre mice by re-expressing a human GPR88-TdTomato fusion protein in MSNs. Although we cannot rule out the possibility that GPR88 has additional roles in other brain regions, the behavioral restoration observed after viral rescue indicates the importance of GPR88 function in the striatum.
GABA-induced responses in slices and tonic GABA conductance were reduced in MSNs of Gpr88 Cre/Cre mice. These findings are likely a result of decreased GABA A receptor subunit β3 levels 37 . The tonic GABA input in MSNs is mediated by extrasynaptic (δ and β3 expressing) GABA A receptors 38, 39 . Lack of phospho-specific antibodies has impeded the determination of phosphorylation status of β3 subunit-containing GABA A receptors, but they are regulated by protein kinases A and C 35 . Gpr88 Cre/Cre mice had less striatal RGS4, which promotes signaling by other Gαi-and Gαq-coupled GPCRs in MSNs 30 , resulting in altered kinase activity and abnormal MSN excitability. Changes in kinase activity could mediate the increase in Fig. 5c ) as reference. (b,c) Mean peak current evoked by increasing stimulation intensity (*P < 0.05, genotype, two-way ANOVA; b) and the average stimulation current required to reach threshold in MSNs (c) from sham-KO (n = 16, 3 mice), VR-KO (n = 11 cells, 3 mice) mice and in cells from VR-KO mice that were infused with the RGS4 inhibitor CCG-63802 (n = 5 cells, 3 mice). # P < 0.05, ***P < 0.001, Student's t test versus VR-KO. Dotted lines denote Gpr88 +/+ values (from Fig. 5h ) as reference. Data are shown as mean ± s.e.m. npg a r t I C l e S observed GluR1 phosphorylation that underlies the increased AMPA receptor-mediated responses in Gpr88 Cre/Cre mice. Accordingly, RGS4 inhibition was sufficient to abolish the restoration of the electrophysiological properties of MSNs after virally mediated GPR88 reexpression. We propose that the absence of GPR88 modifies transcription and intracellular signaling, leading to changes in RGS4 activity and increased MSN excitability. The behavioral changes observed in Gpr88 Cre/Cre mice resemble neurological disease processes associated with the striatum 3,5-7 . The Gpr88 Cre/Cre mice showed turn-based learning (egocentric) in the U maze, but were slower to learn cue-based (allocentric) tasks, such as the Morris water maze, U maze and two-way active avoidance. Burst-firing in dopamine neurons is thought to facilitate LTP and thereby contribute to cue-based learning through modulation of the signal-to-noise ratio in MSNs 40, 41 . Thus, the increased firing rate of MSNs in the Gpr88 Cre/Cre mice may dampen the dynamic range of MSNs in response to burst firing by dopamine neurons, and this could impair cue-based learning. We confirmed D2R agonist hypersensitivity 12 and observed reduced D1R agonist effects in Gpr88 Cre/Cre mice, suggesting altered dopaminergic signaling in both MSN populations of Gpr88 Cre/Cre mice 39 . Although alterations in dopaminergic signaling have received the most attention in neurological disorders 5, 42 , our results illustrate that alterations in MSNs may also be involved.
Our findings suggest that tonic activation of MSNs in Gpr88 Cre/Cre mice impairs integration and filtering of information in the striatum. Accordingly, Gpr88 Cre/Cre mice have impaired pre-pulse inhibition (data not shown), as shown previously 12 , an indicator of defective sensorimotor gating that is observed after striatal lesions and found in many neuropsychiatric diseases [43] [44] [45] . Furthermore, administration of antidepressants 11, 12 , lithium 46 and valproate 47 alter Gpr88 expression, which may mediate some of the drug effects. It remains unclear how GPR88 is activated, as identification of its ligand has been elusive. Perhaps GPR88 functions without ligand activation; it may be regulated by altering the abundance of the protein rather than by a typical ligand-activation mechanism. Alternatively, MSN-specific chaperones and/or partners may be necessary for proper targeting and/or signaling of GPR88, which would preclude common high-throughput, heterologous-expression approaches. Regardless of these uncertainties, our data suggest that GPR88 is important for the regulation of MSN excitability and that alteration in its function may contribute to the behavioral deficits caused by some neuropsychiatric diseases.
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